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The tenacious, dry bracts constituting the coverings of
seeds of the Namib desert gymnosperm, Welwitschia
mirabilis, have been shown to impose a constraint on
germination rather than this being a case of physiologi-
cal dormancy. Removal of these structures without any
other treatment enabled rapid germination, whereas
soaking the seeds either with the coverings intact or
removed, resulted in poor germination. After removal of
the coverings, seed samples with a low proportion of
individuals infected by Penicillium crustosum respond-
ed well to treatment with a commercial fungicide
(Sporekill®), which eliminated the fungus, whereas sur-
face-sterilisation with sodium hypochlorite was
extremely damaging. This fungicide, however, was inef-
fective when the seed-associated fungus was
Aspergillus niger var. phoenicis. Germination perform-
ance of the seeds was unaffected by their maintenance
at 80°C for 48h, establishing both their highly orthodox
nature and possibility of ultra-dry storage, as well as a
potential means of thermotherapy. Preliminary trials
established that W. mirabilis seeds at the water content
at which they are shed have the potential to be cryopre-
served. Seeds from which the coverings had been
removed not only survived immersion in liquid nitrogen,
but also achieved undimished germination totality far
more rapidly than did the equivalent, untreated sample.
The present work has established the basis of guide-
lines for the practical handling of W. mirabilis seeds and
hence conservation of this unique species.
The distribution of Welwitschia mirabilis Hook. fil.
(Welwitschiaceae), which is considered to be a taxonomical-
ly-isolated gymnosperm endemic to the Kaokoveld Centre
(Van Wyk and Smith 2001), extends from the Nicolau River
in southern Angola to the Kuiseb River in Namibia (Kers
1967). This area is amongst the most arid world-wide, with
the coast recorded as having almost zero rainfall, while less
than 100mm falls annually below the escarpment, mainly
from February to April, the late summer (Van Wyk and Smith
2001). While W. mirabilis is established in regions receiving
less than 25mm rainfall, this is supplemented throughout the
area by an equivalent of ~50mm provided by the coastal fog
(Bornman et al. 1972).
Welwitschia mirabilis is recorded as being ‘discovered’ by
Friedrich Welwitsch in 1859 — and the very plants he
described may still be extant, as some living specimens are
estimated to be 1 500–2 000 years old (Bornman et al.
1972). Although a gymnosperm, W. mirabilis shows several
characters that are angiosperm-like, leading to the one-time
opinion among botanists that the immediate ancestor of the
angiosperms had been discovered (reviewed by Takhtajan
1969). However, many characteristics of W. mirabilis are too
specialised for this to have been the case, and the fact that
the plants are dioecious is one of the major factors eliminat-
ing them from the direct line of ancestry (Takhtajan 1969).
The deep-rooted W. mirabilis plants retain their first- and
only-formed leaves, the tissue of each being continually
regenerated from a deep-set meristem, throughout their
lifespan. There are only two of these leaves, although they
become so longitudinally dissected by uneven growth of the
truncated stem that the basal meristem becomes segment-
ed (Bornman et al. 1972), giving the plant the appearance of
having many long, ribbon-like leaves, with micro- or mega-
strobili appearing between the bases (Figures 1a, b).
Individual simple microstrobili have six basally-fused
microsporangiophores, each bearing three fused sporangia
(Bierhorst 1971) which have also been termed anthers, as
they appear morphologically similar to these structures in
angiosperm flowers. Each megastrobilis comprises 90–100
megasporophylls, of which Bornman et al. (1972) found only
50–60% to be fertile. Ovules are bitegmented; the outer
integument, formed from a pair of fused bracts, also gives
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Figure 1: Individual Welwitschia mirabilis are shown established at considerable intervals from one another on the Welwitschia Flats in the
Namib Naukluft Park, Namibia. (a) The plant in the foreground is a male, and the microstrobili are illustrated in the inset. (b) A female show-
ing the crown of the plant and developing megastrobili. The longitudinally-dissected leaves can be seen in both specimens, and the refuge
for animals provided by the downwardly deflected leaves in the otherwise hostile environment can be appreciated (a)
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rise to the wings of the seed, while the inner originates as a
complete ring of tissue, extending apically as the micropylar
tube in the mature ovule (Chamberlain 1966, Bierhorst
1971). Seed development is recorded as being complete in
less than four months (Chamberlain 1966). While the seeds
may be wind-blown along the surface of the sand (Bornman
1978), they are considered to be too heavy to become air-
borne, but during episodic heavy rains (Pearson 1906) the
wings may function for buoyancy in run-off water, thus facil-
itating seed dispersal. The dry seed (c. 7 x 5 x 2–3mm; aver-
age mass 120mg) contains a centrally located embryo, often
separated by a narrow space from the surrounding gameto-
phyte tissue (Figure 3) as previously described (Butler et al.
1973, Bornman et al. 1979). The seeds contain ~35% oil
(Bornman 1978), making them attractive as food for various
desert animals.
When separated from the megasporophyll, each seed is
enveloped by tenacious dry bracts, thus constituting a ‘seed
unit’. Although the term, ‘perianth’ has been used to describe
the structures enclosing the W. mirabilis seed (Pearson
1906, Bornman et al. 1972), these are termed seed cover-
ings in the present work. From earlier investigations, it has
been proposed that some component of the seed unit con-
tains an inhibitor, which has to be leached before germina-
tion proceeds (Bornman et al. 1972). This led to the propos-
al by those authors that seeds would germinate naturally
only if there had been sufficient rainfall to leach out the puta-
tive inhibitor and facilitate its diffusion away from the devel-
oping root.
Bornman et al. (1972) record that under laboratory condi-
tions germination will occur within 48h after seeds have
been supplied with the equivalent of 25mm rain, and that
root growth is extremely rapid — up to 1.5mm per hour. The
shoot apex with its paired cotyledons appears to be with-
drawn from the seed as the hypocotyl elongates (Bierhorst
1971). The attenuated cotyledons, which are photosynthet-
ic, persist for a matter of two to three years (Chamberlain
1966), even when the two later-developing true leaves have
become considerably longer than they are (Bornman et al.
1972). According to Chamberlain (1966), a continuous plate
that covers and arrests development of the stem apex, is
formed from two laterally-expanded buds, each arising in the
axil of one of the cotyledons.
Although there are many mature W. mirabilis plants, the
long-recorded scarcity of young plants (Pearson 1906) has
now become a matter of concern (Cooper-Driver et al.
2000). As the dissected leaf mass (Figure 1a) provides a
microhabitat for a variety of animals including cryptic mam-
mals and various insects (Bornman 1978), many seeds may
be wholly or parially consumed. Fungal proliferation is also
likely to be an aggravating factor in seed/seedling mortality.
Fungi are common associates of seeds of W. mirabilis:
Bornman et al. (1972) recorded that 80% of the 10 000
seeds they collected, were infected by Aspergillus niger —
and the dominance of this fungus could well have masked
the presence of others (McLean and Berjak 1987). The work
of Cooper-Driver et al. (2000) has shown that while
Aspergillus niger was associated with the seeds from a vari-
ety of locations offering somewhat differing habitats for W.
mirabilis, infection was significantly higher in particular local-
ities. Seed-associated fungi could pose a serious problem in
terms of propagation of the species in its natural habitat, as
well as via planting programmes, as quiescent inoculum is
likely to survive with the dry seeds, but will proliferate when
water is provided. This could either preclude seed germina-
tion or, if germination does occur, overcome the developing
seedlings (Kolberg, pers. obs.). Thus survival of this unique
species could become jeopardised by lack of seedling
recruitment in the field, as well as by the inability to provide
vigorous young plants for regeneration programmes.
Aside from its intrinsic value as an endemic species, W.
mirabilis plants provide refuge, shade, food and water (from
intercepted fog) for a variety of desert animals. As an exam-
ple, large numbers of the heteropteran, Probergrothius sex-
punctatis, can be found associated with most female W.
mirabilis plants, where they feed on the sap (Lovegrove
1999). High frequencies of A. niger spores associated with
the megastrobili, have been associated with the presence of
these insects (Cooper-Driver et al. 2000), which exhibit a
preference for female over male cones (Bornman et al.
1972). The spatial distribution of plants with which fungal
spores are associated, supports the hypothesis that the vec-
tor is a non-flying insect — such as P. sexpunctatis (Cooper-
Driver et al. 2000).
The present investigation details responses of W. mirabilis
seeds to various pre-germination treatments; reports on fun-
gal status of, and some preliminary trials to eliminate fungi
from, the seeds; comments on desiccation tolerance and
hence seed categorisation; and considers the potential of
cryostorage as a means to conserve high-quality planting
material.
Materials and Methods
The seeds of W. mirabilis for most of the present investiga-
tions (accessions HK 1249 and HK 1250) were collected by
Kolberg et al (H Kolberg, S Loots, R Moses: NPGRC,
National Botanical Research Institute, Private Bag 13184,
Windhoek, Namibia) in May 2002 in the vicinity of the
Messum River (21°20’48”S, 14°09’12”E, altitude 400m asl)
and on the western side of the Messum Crater (21°24’18”S,
14°08’27”E, altitude 340m asl). In particular experiments (as
indicated), seeds used were from accession HK 1322, col-
lected by Kolberg and Tholkes (H Kolberg, T Tholkes:
NPGRC, National Botanical Research Institute, Private Bag
13184, Windhoek, Namibia) in June 2003 from the north-
western side of the Messum Crater (21°24’23”S,
14°07’50”E). The collection sites are indicated by the upper
set of markers in Figure 2c (the single lower marker indicat-
ing a subsequently used collection site (22°39’31”S,
14°59’58”E, altitude 400m asl) on the Welwitschia Plains
(Figure 1a) in the Namib Naukluft Park).
Seeds were collected into cloth bags and conveyed to the
National Plant Genetic Resources Centre (NPGRC) in
Windhoek within two days, where they were de-winged,
treated with a benomyl fungicide and sealed into laminated
foil bags. The seeds were then dispatched by overnight
courier to the laboratory in Durban, where they were stored
in the foil bags at 5 ± 2°C until used.
Determination of water concentration
After removal of the seed coverings, water concentration
was determined gravimetrically after drying at 80°C for 72h.
In all but the first instance, water concentration was deter-
mined for whole seeds (i.e. embryo plus gametophyte tis-
sue), as it proved too difficult to separate the component
parts. Water concentrations determined for 10 seeds indi-
vidually, are reported as g water per g dry mass (g g–1), with
mean values as percentages on a wet mass basis (wmb)
given in parentheses.
Germination assessment
Seeds (number specified per experiment), with the coverings
intact, incised or removed as indicated (Table 1), were set to
germinate on 1% water agar within closed Petri dishes main-
tained at 24°C with a 16h photoperiod. Three seeds were
plated per Petri dish. Germination was assessed over 21
days by growth of the radicle and, where this had occurred,
extension of the cotyledons also. Germination assessment of
seeds subjected to the various treatments (below) was car-
ried out similarly, but after removal of the coverings unless
otherwise indicated. In the case of accession HK 1322, the
coverings were removed in a laminar air-flow and seeds plat-
ed immediately, or after thermotherapy (below).
Pre-germination manipulation and condition when plated
Seeds in six samples of 25 each were subjected to one of
the treatments (Table 1) before being plated on water agar
with the coverings in the condition indicated.
Surface sterilisation
Except in the case indicated, the coverings were removed
from samples of 25 seeds each, prior to all the following
treatments (Table 2), after which the seeds were rinsed, plat-
ed as described above and assessed for germinability and
fungal status.
In a separate experiment, the effectiveness of Sporekill
Figure 2: (a) Namibia is placed in the geographical context of the African continent (shaded) and (b) in relation to southern African countries
with which Namibia has common boundaries. (c) The collection sites (upper collection of markers) of the seeds used in the present investi-
gation, and the site of a subsequent collection in the Namib Naukluft Park (lower marker) are shown (Mapping by S3 Technologies,
Pietermaritzburg, KwaZulu-Natal, South Africa)
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Table 1: Pre-germination manipulation and condition of W. mirabilis
seeds when plated, n = 25
Pre-germination Seed coverings when plated
No soak Intact
No soak Removed
Soaked 9h; coverings intact Intact
Soaked 9h; coverings intact Removed
Soaked 9h; coverings removed
No soak Upper and lower surface incised
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(active ingredient polydimethyl ammonium chloride) at con-
centrations of 0.02%, 0.2% and 2.0% was tested on seeds
from accession HK 1322. Three replicates of 25 seeds each
without coverings were immersed in the fungicidal solutions,
then rinsed and plated on Czapek-Dox Agar (CDA). The
plates were maintained in the dark at 24 ± 2°C for 14 days,
after which the incidence and identity of seed-associated
fungi were ascertained.
Thermotherapy
After removal of the coverings in a laminar air-flow, seeds in
three replicates of 60 each were placed on foil over silica gel
within glass Petri dishes, after which each replicate was
maintained in a separate oven at 80°C for 48h. Ten seeds
from each set were used for water concentration determina-
tion, and the remaining 50 plated on water agar (as above)
to assess germinability and the incidence of fungal prolifer-
ation. As a control, three further sets of 60 seeds each with
the coverings removed, were maintained at room tempera-
ture and assessed in parallel. Three sets of 30 seeds each,
one with the coverings intact, from accession HK 1322 were
exposed to 80°C for 48h. All were then plated out on water
agar to assess for fungal survival.
Fungal identification
Axenic cultures on CDA prepared from the most commonly
isolated seed-associated fungi, were identified by the Plant
Protection Research Institute, Pretoria, South Africa.
Cryopreservation trials
Randomly selected seed samples were briefly frozen in liq-
uid nitrogen (LN, –196°C). Two sets of 25 seeds each, with
intact coverings and a further 25 seeds from which the cov-
erings had been removed, were used. For LN immersion,
seeds were placed in 2ml cryotubes (three or four seeds per
tube), which were immersed in the cryogen for 5min, and
then rapidly warmed within the tubes in a water bath at
40°C. After removal of the coverings from one of the two sets
of seeds frozen intact in LN, all were plated on water agar
for germination assessment. In a subsequent experiment,
45 seeds were purposely selected to eliminate shrunken or
discoloured individuals. After removal of the coverings, the
seeds were divided among three laminated foil bags, which
were sealed and maintained in a chest freezer at –20°C for
three months, after which germinability was assessed as
descibed above.
Scanning Electron Microscopy (SEM)
Specimens were mounted on aluminium stubs using
graphite tape and sputter-coated with gold in a Polaron
E5300 SEM coating unit. The specimens were viewed with
a LEO1450 scanning electron microscope and the images
captured digitally.
Results and Discussion
The present results confirmed that the mature seeds of W.
mirabilis which were not exposed to relative humidity higher
than that encountered in the field before despatch, were
very dry — an indication that they are orthodox, which is not
unexpected for a desert species. Assessment of the individ-
ual seed components (Figure 3), however, indicated that the
water concentration of the embryo was surprisingly high —
0.147 ± 0.068g g–1 (12.8%, wmb) — while that of the game-
tophyte tissue was 0.060 ± 0.007g g–1 (5.7%, wmb). (It
should be noted though, that if these values were corrected
for the c. 35% oil (Bornman 1978) and depending on its dis-
tribution in the seed tissues, mean water concentration per
gram dry matter could be as high as 0.226 for the embryo
and 0.097 for the whole seed.) However, as the unimbibed
Table 2: Details of surface-sterilisation treatments applied to W. mirabilis seeds after removal of the coverings (* except in the case indicat-
ed), n = 25
Treatment Time (min)
Sterile distilled water (control) 10
NaOCl, 2% (v/v), coverings intact*; rinsed (distilled water); coverings then removed 10
2%; rinsed (distilled water) 10
1%; rinsed (distilled water) 5
0.35%; rinsed (distilled water) 5
Ca(OCl2), 1% (w/v); rinsed (distilled water) 2
Ethanol, 70% 2
HgCl2, 0.02% (w/v); rinsed (distilled water) 0.5
Sporekill1, 0.02% (v/v) 5
0.02 10
0.2%2 10
2.0%2 10
Tea Tree Oil (TTO)3 — 0.25% (in aqueous suspension, v/v) 5
0.25 10
1 ICA Laboratories, Cape Town
2 Used in a treatment trial with accession HK 1322 only
3 Thursday Plantation, Ballina, NSW, Australia — anti-microbial steam-distilled oil of Melaleuca alternifolia (Myrtaceae) (Drury 1996)
seeds were extremely brittle, it was difficult to prevent them
shattering when dissected to separate the components, thus
subsequent assessments of water concentration were car-
ried out on whole seeds after removal of the coverings.
Whole seed water concentration was 0.063 ± 0.010g g–1
(5.9%, wmb), revealing that, even in these very dry seeds,
water concentration of the embryo is masked by that of the
storage tissue, as seems to be generally the case for embry-
onic axes vs cotyledons or endosperm in angiosperm seeds
(Isaacs and Mycock 1999). A comparison of the water con-
centrations of seeds with and without the coverings indicat-
ed that the latter contributed negligibly, the value for the
seed units being 0.065 ± 0.003g g–1 (6.1%, wmb).
Germination trials, the results of which are shown in Table
3, were conducted simultaneously to test the effects of soak-
ing and the presence or absence of the seed coverings. By
far the best germination performance over 21 days,
assessed by radicle growth and usually also cotyledon
extension, occurred when seeds were not soaked, but
placed on water agar immediately after the coverings had
been removed. In contrast, seeds that were soaked with the
coverings intact and set to germinate in this state, showed
the worst germination performance. The situation was not
much improved when the coverings were removed after the
9h soaking period when germination totality (assessed by
root growth) was essentially similar to that achieved by
seeds that had not been soaked, but set to germinate with
the coverings intact. These data indicate that it is the pres-
ence of the seed coverings themselves, rather than a leach-
able inhibitor (as suggested by Bornman et al. 1972), that
curtails germination of W. mirabilis seeds. This view was
supported by the germination performance of those seeds
that were not soaked, but were plated on to water agar after
incision of the upper and lower surfaces of the seed cover-
ings. It seems, therefore, that the dormancy recorded for
seeds of W. mirabilis is physical, not physiological as previ-
ously suggested (Bornman et al. 1972, Baskin and Baskin
1998). Our results also suggest that soaking seeds by
immersion is, in itself, deleterious, especially when the cov-
erings are intact, which might have been the outcome of
anoxic conditions during the 9h period presently used. As a
result of these germination trials, in subsequent experiments
unsoaked seeds were set to germinate after removal of the
coverings, which is a procedure that we recommend for
nursery practice.
It might also be suggested that fungi predominantly pres-
ent in the coverings of W. mirabilis seeds, became activated
during soaking or when water was taken up from the agar
medium, resulting in poor germination. However, the inci-
dence of seed-associated fungi in these accessions was
low, as revealed when untreated seeds were assessed
(Table 4), with A. niger being only occasionally encountered.
Nevertheless, as fungi — and especially A. niger — are
frequently encountered in association with collections of W.
mirabilis seeds (Bornman et al. 1972, Cooper-Driver et al.
2000) and presently adversely affected accession HK 1322
(see later), it is imperative that effective fungicidal treat-
ments be developed. Immersion of the intact seed units in
2% sodium hypochlorite (NaOCl) for 10min did not have
adverse effects on germination after removal of the cover-
ings. In contrast, however, if the coverings were removed
prior to immersion in NaOCl the seeds responded extreme-
ly badly, with germination totality being reduced to 8%.
Reduction in the concentration of NaOCl and the time for
which the sterilant was applied to the naked seeds was cor-
respondingly less damaging in terms of germination, but par-
adoxically, fungal proliferation was associated with 20%
(Table 4), the predominant fungus being Penicillium crusto-
sum. These results are difficult to explain, in view of the fact
that P. crustosum was associated with only 8% of the seeds
immersed in distilled water for 10min (the control), but may
be the outcome of the small number of seeds per sample
(25) available for these trials.
In all cases where NaOCl was used after removal of the
seed coverings, germination totality was unsatisfactory.
While this is the most commonly used surface sterilant for
seeds and for explants to be cultured in vitro, NaOCl has
been found to be damaging in other instances (e.g. for
embryos of another gymnosperm, Podocarpus henkelii
(authors’ unpublished observations), and for seeds of
Warburgia salutaris (Kioko et al. 2003). Of the range of other
surface sterilants used on seeds of W. mirabilis after
removal of the coverings, 70% ethanol emerged as unsatis-
factory (germination totality 40%), but germination totalities
in excess of 60% were recorded after application of 1% cal-
cium hypochlorite (Ca(OCl2)) or 0.02% mercuric chloride
(HgCl2). However, the best results both in terms of germina-
tion totality and apparently complete elimination of P. crusto-
sum and a minor (unidentified) fungus, were obtained by the
10min application of the commercial fungicide, Sporekill
(Table 4). Aspergillus niger, which has been identified as a
major fungus associated with W. mirabilis seeds (Bornman
et al. 1972) was only occasionally isolated from seeds of the
accessions used for the trials summarised in Table 4.
This was in sharp contrast to seeds of accession HK 1322,
collected a year later from a geographically close site, where
100% of the seeds showed macroscopically visible associa-
tion of A. niger var. phoenicis (Corda) Al-Musallam on the
Figure 3: Scanning electron micrograph showing the position of the
embryo within the surrounding gametophyte tissue in a dry, longitu-
dinally-split W. mirabilis seed. Bar = 200µm
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surface of the coverings. In this case, Sporekill was equally
ineffective, whether applied at concentrations of 0.02%,
0.2% and 2.0%, with the fungus surviving on all the seeds
which were treated after removal of the coverings. These
results indicated not only that use of this specific fungicide is
ineffectual when A. niger var. phoenicis is the predominant
species, but also that the fungus had penetrated (or inocu-
lum was also situated below) the seed coverings at harvest.
Despite the fact that Sporekill is claimed to be effective
against Aspergillus spp. by the manufacturers, this is obvi-
ously not so in the case of the A. niger var. phoenicis as
found associated with seeds of W. mirabilis from the
extremely arid Namib desert (Bornman et al. 1972, Cooper-
Driver et al. 2000).
Infection by A. niger var. phoenicis had a markedly dele-
terious effect on germination. Only three of the 45 seeds
(7%) from accession HK 1322 germinated, but the seedlings
survived for less than 10 days. Proliferation of A. niger var.
phoenicis in association with all but two seeds (on, and from
which another (unidentified) fungus proliferated), including
those that germinated, occurred within a few days. These
seeds could be seen to harbour A. niger var. phoenicis on
the coverings within a week of collection and were infected
internally by this fungus. While the developmental stage at
which the seeds become infected and extent of preharvest
fungal degradation remain to be ascertained, there is no
doubt that A. niger var. phoenicis poses a very real problem
to seedling recruitment, and hence survival, of W. mirabilis.
This, in itself, is interesting, as A. niger varieties are not
prominent among the xerotolerant seed (storage) fungi, and
are not recorded as major seedling pathogens (Agarwal and
Sinclair 1987). Those authors, however, do mention that A.
niger penetrates peanut pods and infects the kernels, and
that the range 26–38°C is optimal for these processes.
These limited observations about A. niger var. phoenicis as
a seed pathogen, make the further investigation of the rela-
tionship of the fungus on, and in, W. mirabilis seeds specifi-
cally, an area worthy of investigation.
Thermotherapy describes the application of dry or wet
heat to seeds and has been developed as a means of elim-
inating (or at least minimising) the associated mycoflora
(e.g. Agarwal and Sinclair 1987). Generally, however, it is
essential that a fine balance be achieved between the tem-
perature to which the seeds are raised and the time of the
treatment, which are inversely related (Erdey et al. 1997).
For example, those authors reported for maize that ther-
motherapy (wet heat) at 57°C and 60°C was highly effective
in eliminating the xerotolerant seed-associated mycoflora,
but the treatment could not be applied for longer than 30min
and 10min, respectively, without adverse effects on germi-
nation and seedling establishment.
In the present case, it was serendipitously discovered that
the germination capacity (rate and totality) of W. mirabilis
seeds was undiminished after they had been subjected to
Table 3: Germination totalities achieved by W. mirabilis seeds in the context of pre-germination manipulation and condition when plated, n =
25
Pre-germination Seed coverings when plated Germination totality (%)
Root emergence Cotyledons
No soak Intact 48 40
No soak Removed 83 78
Soaked 9h; coverings intact Intact 40 16
Soaked 9h; coverings intact Removed 46 36
Soaked 9h; coverings removed 56 56
No soak Upper and lower surface incised 64 56
Table 4: Effect of various pre-treatments of seeds from which the coverings had been removed (* except in the case indicated) on germina-
tion and fungal persistence, n = 25
Treatment Germination (%) Seeds infected (%) Fungus isolated
Sterile distilled water (control), 10min 76 8 Penicillium crustosum
NaOCl, 2%, 10min (coverings intact*, but removed after treatment) 72 4 Aspergillus niger
2%, 10min 8 4 P. crustosum
1%, 5min 28 20 P. crustosum
4 Unidentified
0.35%, 5min 52 20 P. crustosum
4 Unidentified
Ca(OCl2) — 1%, 2min 64 8 Unidentified
Ethanol — 70%, 2min 40 4 Unidentified
HgCl2 — 0.02%, 30sec 68 0
Sporekill — 0.02%, 5min 64 0
10min 76 0
Tea Tree Oil (TTO) — 0.25%, 5min 64 4 P. crustosum
10min 68 8 P. crustosum
4 A. niger
80°C for 48h. The period of 48h was chosen as preliminary
trials (data not reported) indicated that viability was increas-
ingly compromised when the treatment was extended to 60h
and 72h. The results of this treatment on three replicates of
60 seeds each, confirmed that W. mirabilis seeds could
indeed withstand 48h at 80°C, without any adverse effects
on germination capacity (Table 5), although the viability of
the seed-associated fungal inoculum was similarly unaffect-
ed. However, the predominant fungus associated with these
seeds (accessions HK 1249 & 1250) was not any variety of
A. niger and did not compromise the viability of the untreat-
ed (or treated) seed population. The preliminary thermother-
apy trial on the effectively non-viable seeds from accession
HK 1322, all of which were infected by A. niger var. phoeni-
cis, showed a 39% reduction in the incidence of individuals
on/from which this fungus proliferated. Hence a series of
variations (time and temperature) based on this extreme
treatment is to be assessed as a means of thermotherapy
for W. mirabilis seeds infected by A. niger var. phoenicis.
Another incidental, but highly relevant, conclusion that can
be drawn from the survival of W. mirabilis seeds after high-
temperature exposure, is that they may be ideal candidates
for ultra-dry storage (Walters and Engels 1998). The mean
water concentration of the seeds after drying at 80°C for 48h
(when they maintained constant weight) was 0.008g g–1
(0.8%, wmb). While we cannot presently comment on the
storage longevity of these ultra-dry W. mirabilis seeds, trials
at various temperatures are currently underway to ascertain
this in parallel with seeds similarly stored at the shedding
water concentration (mean 0.063g g–1 (5.9%, wmb)). It is
implicit, however, that a seed water content of 0.008g g–1
may not be optimal for storage, the tissues actually being too
dry (Walter and Engels 1998).
No matter how low a water content seeds will survive,
there is no substitute for low-temperature storage as the rate
of inherent deterioration is directly related to temperature
(Walters and Engels 1998). Seed cryostorage generally
refers to their maintenance in liquid nitrogen at –196°C or in
the vapour phase of liquid nitrogen at c. –150°C. However,
the term can loosely be applied also to storage at –20°C,
which is conveniently achieved in a domestic freezer.
Randomly selected seeds of W. mirabilis (water concen-
tration 0.063 ± 0.010g g–1 (5.9%, wmb)) were briefly
immersed in liquid nitrogen with the coverings either intact or
removed (Table 6). As reported above (ref. Table 3), the
presence of the seed coverings during treatment had an
adverse effect on germination, even when these were
removed prior to the seeds being plated. In contrast, when
the coverings were removed prior to the seeds being frozen
in liquid nitrogen, germination capacity was undiminished
(Table 6). While it might be thought that such a brief immer-
sion (5min) in liquid nitrogen would not be a measure of the
capacity of the seeds to be cryostored in the long term, this
is unlikely to be the case. The critical stages at which seed
survival is likely to be adversely affected are during cooling
in, and upon warming after retrieval from, liquid nitrogen
(Wesley-Smith et al. 2004). It is considered that if these two
steps in the procedure are non-injurious and other manipu-
lations are optimised, then survival of seeds (or any other
form of plant germplasm) in liquid nitrogen should theoreti-
cally be almost indefinite. As a consequence of the present
indications that W. mirabilis seeds survive immersion in liq-
uid nitrogen if the coverings are first removed, longer-term
cryostorage trials are currently in progress.
Immersion of W. mirabilis seeds in liquid nitrogen after
removal of the coverings had a second relevant outcome:
maximum germination occurred in three days — half the
time taken for the non-frozen control group to achieve this.
Scanning electron microscopy of the outer surface of the
testa revealed that while only occasional, superficial cracks
occurred before immersion in liquid nitrogen (Figure 4a)
after retrieval from the cryogen there were deeper, random-
ly-orientated fissures interrupting the continuity of the coat,
which also appeared comparatively contracted (Figure 4b).
It is therefore suggested that rupture of the testa in places
consequent upon immersion in, and/or retrieval from, liquid
nitrogen, facilitated more rapid uptake of water from the
medium or perhaps removed a measure of coat-imposed
Table 6: Effects of manipulation of randomly-selected seeds and immersion for 5min in liquid nitrogen (LN) at –196°C or freezing at –20°C
for 8 days (or 3 months for selected seeds*), on germination totality of W. mirabilis seeds, n = 25 (45*)
Pre-germination Seed coverings when plated Germination totality (%)
Root emergence Cotyledons
Not frozen (control) Removed 83 78
Frozen in LN, coverings intact Removed 60 48
coverings removed 88 84
coverings intact Intact 44 44
* Shrunken seeds eliminated, frozen 3 months at –20°C,
coverings removed 91 91
Table 5: Effects of thermotherapy (80°C, 48h) on W. mirabilis seeds, n = 180 (three replicates, 60 seeds each)
Water concentration (g g–1) [wm] Germination (%) Fungal infection (%)
n = 10 n = 50
Control 0.053 ± 0.004 [5.0%] 90 ± 2 5 ± 3
Treated 0.008 ± 0.004 [0.8%] 88 ± 3 9 ± 1
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constraint from the expanding embryo, such that germina-
tion rate was enhanced. In a subsequent experiment when
seeds from the same population were selected to eliminate
any that were shrunken, and kept frozen for three months at
–20°C after removal of the coverings, 91% germinated
(Table 6).
Scientifically, some interesting facts have emerged about
W. mirabilis seeds: they do not appear to exhibit physiologi-
cal dormancy, but germination is constrained by the seed
coverings external to the testa. Germination performance is
superior when the coverings are removed, which should per-
haps become nursery practice. The seeds have emerged as
being resilient to very high temperature, and survive this
remarkably well — at least in the short term — which sug-
gests the possibility of thermotherapy to eliminate A. niger
var. phoenicis, as well as of ultra-dry storage, but the condi-
tions for both have yet to be ascertained. While it is prema-
ture to make firm recommendations about seed conserva-
tion of W. mirabilis, in practical terms, it is recommended that
if they are to be cryostored (or, in fact, stored under any con-
ditions) seeds should be individually scrutinised, and any
that are shrunken, eliminated. Obviously also, seeds should
be screened for A. niger var. phoenicis, and any batch show-
ing more than the occasional individual harbouring this fun-
gus, should not be conserved for future use until an effective
treatment to eliminate the inoculum has been developed.
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Figure 4: Superficial cracks in the surface of the testa before (a)
give way to deeper fissures and apparent contraction after (b) freez-
ing seeds at –196°C in liquid nitrogen. Bar = 10µm
